Land use and land cover (LULC) change plays a key role in the process of land degradation and desertification in the Horqin Sandy Land, Inner Mongolia. This research presents a detailed and high-resolution (30 m) LULC change analysis over the past 16 years in Ongniud Banner, western part of the Horqin Sandy Land. The LULC classification was performed by combining multiple features calculated from the Landsat Archive products using the Support Vector Machine (SVM) based supervised classification approach. LULC maps with 17 secondary classes were produced for the year of 2000, 2009, and 2015 in the study area. The results showed that the multifeatures combination approach is crucial for improving the accuracy of the secondary-level LULC classification. The LULC change analyses over three different periods, 2000-2009, 2009-2015, and 2000-2015, identified significant changes as well as different trends of the secondary-level LULC in study area. Over the past 16 years, irrigated farming lands and salinized areas were expanded, whereas the waterbodies and sandy lands decreased. This implies increasing demand of water and indicates that the conservation of water resources is crucial for protecting the sensitive ecological zones in the Horqin Sandy Land.
Introduction
Desertification is one of the crucial environmental issues that restrict the social, economic, and political development in arid and semiarid area [1, 2] . Desertification has been defined in several ways; however, the most widely accepted one has defined the desertification as the land degradation in arid, semiarid, and dry subhumid areas resulting from various factors, including climate variations and human activities [3] [4] [5] [6] . In recent years, many socioenvironmental problems such as land shortage, environmental deterioration, reduction of biological and economic productivity, water scarcity, poverty, and migrations have emerged due to rapid spread of the desertification. These problems have threatened the human survival and sustainable economic development [7] [8] [9] . It is argued that sustainability will be a great challenge of the human society in coming decades particularly in the transitional and marginal agricultural zones [10] [11] [12] .
China is a developing country with large population and scarce arable land, which is plagued by a long-term and large-scale desertification [13] . In China, desertified areas are mostly distributed in the western part of the northeast China, the north part of the northern China, and most parts of the northwest China [14, 15] . The desert areas in China are still expanding by 2460-10,400 km 2 per year. As much as 3.317 million km 2 (34.6% of the total land area) land area in China is affected by the desertification; and up to 400 million people are struggling with unproductive 2 Mathematical Problems in Engineering agricultural land and water shortages [14] . The government of China and social media have focused on the desertification problems [15] . The government has implemented a series of ecological engineering programs to combat the desertification, including the Three-North Shelter Forest Program from 1978, Beijing and Tianjin Sandstorm Source Treatment Program from 2001 to 2010, Grain to Green Program from 2003, and Returning Grazing Land to Grassland Program from 2003 [13] . However, monitoring and assessment of these programs have identified very limited success in a few local regions [16] [17] [18] [19] [20] , while desertification is increasing further in some desertification areas.
The Horqin Sandy Land, one of the four largest sandy land in the northern China, has a long history of desertification and land degradation. Rapid increase in population and inappropriate human activities such as agricultural reclamation, overgrazing, excessive collection of fuel wood and herbs, unmanaged tourism, overconsumption of water resource, and mining and road cutting have induced the desertification continuously in the Horqin Sandy Land [18, 21, 22] . Moreover, climate change in the recent decades has severely intensified the desertification [23] . During Liao Dynasty (907-1125 AD), the Horqin Sandy Land was full of tall forests and dense grasslands which used to sustain nomadic herders [13] . Since the nineteenth century, rapid increase of agriculturalist migrants into this region started to convert the ancient grassland and woodland into agricultural areas which reduced the available grazing land and put the marginal lands under cultivation. This situation continued to twentieth century and reached the peak of development in the 1950s-1960s, with rapid expansion of the human settlements and urban areas [24] . In the beginning of the Great Leap Forward (1958) (1959) (1960) and during the following two decades, expanding cultivation led to forcing the local nomadic herders to moving into the border area, and most of the area was occupied by agriculturalists [25, 26] . By the early 1980s, the rural reform program under the "household responsibility" system played a key role in the overgrazing of grassland; and now the implementation of "double responsibility" system by the local government may do little to reduce the overgrazing [24] . With the development in the agricultural and industrial sectors, these essentially uncontrolled activities have resulted in the destruction of woodland and grassland, degradation of surface soil, and increased water consumption [24] .
Accurate land use and land cover (LULC) maps derived from the remote sensing data are highly important for the monitoring and quantification of the global environment as well as spatiotemporal changes [27] . The LULC change analysis assists decision-makers to understand the dynamics of changing environment and can ensure the sustainable development [28] . Multitemporal and multiscale remote sensing can provide substantial information about the land surface and facilitate the monitoring of environmental problems such as land degradation [29] . The combination of spectral, textural, and topographic features has been suggested for improving the accuracy of LULC mapping while producing the recent nationwide 30 m resolution LULC map of Japan [30] . Since the previous studies in the Horqin Sandy Land have focused on mapping of the LULC and spatial-temporal change analysis mainly based on the spectral information from the satellite data [31] , accuracy of the resulting change information is a major concern that is immensely important for the decision-makers.
The availability of the high spatial resolution and multitemporal satellite imagery from the archived Landsat datasets provides a unique opportunity for the monitoring of land degradation and desertification. This study deploys the archived Landsat datasets of years 2000, 2009, and 2015 for deriving the high-resolution LULC change information to present detailed LULC change pattern. Since 2000, the state and local government implements a series of ecological restoration projects to mitigate the further desertification and restoration of desertified grassland in the fragile environment of the Horqin Sandy Land [13] . The main objective of this study is to analyze the spatiotemporal pattern of the LULC changes in the Horqin Sandy Land. This study presents the improvement of the LULC classification accuracy by combining the multiple features (spectral features, spectral indices, spectral transformations, and textural and topographic features) derived from the satellite data using the Support Vector Machine (SVM) based supervised classification approach. While the previous studies in the Horqin Sandy Land have analyzed the LULC changes using major land cover types only [11] , this study has achieved the more detailed LULC change information by adding the secondary classes. The analysis on the spatiotemporal change pattern is expected to reveal the mechanisms responsible for the desertification processes.
Materials and Methods

Study Area.
This study was carried out in Ongniud Banner, in the western part of the Horqin Sandy Land in Inner Mongolia, China. The Ongniud Banner belongs to the transitional zone of the agricultural and animal husbandry region, which is vulnerable ecological region to natural changes and anthropogenic activities [32] . This region is severely suffering from soil erosion and overconsumption and overexploiting of land resources [32, 33] . The location map of the study area is shown in Figure 1 . The study area covers an area of 11,882 km 2 , which stretches 250 km from east to west and 84 km from north to south.
The three typical geomorphological characteristics throughout the study area are from west to east in the order of high elevation alluvial flats, low mountains and hills, and low Aeolian dunes, and the altitude decreases from 2025 m in the west to 286 m in the east [33] . The climate of this region is characterized by temperate semiarid with windy and dry winters/springs, warm and relatively rainy summers, and cool autumns. The mean annual temperature is 7 ∘ C; annual mean precipitation is 300 mm, of which 70% precipitation falls between July and September. The mean annual wind velocity is 4.2 m s −1 [34] ; the windy season lasts from early March to late May. As the study area is comprised of the mosaic of farmland, grassland, and steppe desert with different soil types and land cover forms, this study area offers an opportunity to assess the performance The land use dataset of Inner Mongolia at 1 : 10,0000 of years 1995 and 2000, desert distribution dataset of China at 1 : 10,0000, vegetation map of China at 1 : 400,0000, and China soil database available from the Chinese Academy of Sciences were used as the reference datasets [12] . Due to different created time and lower resolution of data, it was just used to grasp broader view of the LULC types in the study area. In addition, very high-resolution (2.5 m) SPOT-5 mosaic image of year 2009, Google Earth based images, and local knowledge were mainly used for reference data to training data collection and validation of secondary-level LULC classes. The preprocessing of the Landsat data involves calculation of the top of atmosphere reflectance (TOA), ground control points (GCPs) based coregistration of the multitemporal images, mosaicking, and final subsetting of the data over the study area.
Classification Scheme and Training Data.
Collection of the highly representative training data is a crucial task for the supervised classification of the LULC. In the research, following with the land cover classification system defined by the Chinese Academy of Sciences through field survey, training data belonging to 17 secondary classes were collected for each of these years (2000, 2009, and 2015) . Existing land use and vegetation maps, false color composite images prepared from Landsat 5 and Landsat 8 data, Google Earth images, and Spot-5 images were used as the reference datasets while collecting the training and validation data. The classification scheme used in the research and the number of training data (polygons/pixels) collected are listed in Table 2 .
To enhance the comparability of land cover classification results during three periods, we used the same training sites as much as possible when no change occurred. The pixelbase region of interest polygons was not a constant grid size but varied with the size and shape of the feature of interest. This variation was in order to take into account the areal distribution of various land cove features and to avoid oversampling one land cove type. The reliability of the training data over the entire study area was further ensured by using Jeffries-Matusita (J-M) distance [35] . The J-M distance algorithm used to calculate the separability of two land cover classes according to the following algorithm:
where JM ( , ) indicate Jeffries-Matusita distance between classes and and ( , ) is shown as follows:
where indicate mean vector and indicate covariance matrix.
J-M distance value ranges from 0 to 2; if J-M distance value close to 2 indicates training data of two land types with a high degree of separability, then those values close to 0 indicate a low degree of separability.
Multifeatures Combination and Supervised Classification.
The study area is mix of the diverse types of LULC. Considering the spectral complexity of the study area, combination of the multiple features (spectral features, spectral indices, spectral transformations, textures, and topographic features) calculated from the satellite data was used to improve the accuracy of the LULC classification. The list of spectral features used in the research is shown in Table 3 . Altogether, 25 feature images were used as an input dataset in the research. These features were calculated separately for each of these years (2000, 2009, and 2015) using the satellite data of the corresponding year. The six spectral bands of the Landsat data were used for the principal component analysis, and the first principal component which included more than 90% spectral information was used to calculate textural features. Eight textural measures (mean, variance, homogeneity, contrast, dissimilarity, entropy, second moment, and correlation) were calculated using the Gray Level Cooccurrence Matrix (GLCM) with the moving window size of 3 by 3 pixels.
LULC classification and mapping were conducted for each of these years (2000, 2009, and 2015) using the abovementioned 25 feature images and the training data collected. The supervised classification was conducted using the Support Vector Machine (SVM) [36] algorithm. SVM is a nonparametric classification method which can also work with the small amount of training data and produce higher classification accuracy [37, 38] .
The success of the SVM method depends on how well the process is trained. Principally, SVM is a binary classifier that set an optimal separating hyperplane during classes to correctly separate the data point into two classes [39] . If the training data with number of samples are represented as ( 1 , 1 ) , . . . , ( , ) where ∈ is an -dimensional space and ∈ {+1, −1} is class label, then these training data will be separated by the two hyperplanes parallel to the optimal Mathematical Problems in Engineering 5 hyperplane with maximum margin into the respective classes shown in
The original idea of SVM is presented in Figure 2 . SVM can classify the data linearly and nonlinearly, and kernel function is used for nonlinear classification. The SVM provide four types of kernels: linear, polynomial, and radial basis function (RBF), and sigmoid. According to the previous studies, radial basis function kernel works better for remote sensing image classification [40] . The equation of radial basis function kernel is presented as follows:
where indicate the gamma term in the radial basis kernel function. This study utilized the default parameter provided by ENVI software to perform supervised classification on Landsat images.
Change Analysis and Accuracy Assessment.
Accuracy of the LULC classification was assessed by collecting the different sets of validation data. The collection procedure was similar to the training data, but the training data used for training the SVM model were not used for assessing the classification accuracy. Altogether, 50 pixels for each secondary class were randomly chosen from the classified image, and the corresponding geolocation points were confirmed by visual interpretation of the reference datasets. The overall accuracy and kappa coefficient were used as the metrics for assessing the classification accuracy. After the production of LULC maps of each of these years (2000, 2009, and 2015) in the study area and their validation, the postclassification comparison (PCC) technique was used for the derivation of LULC change information. The spatiotemporal change analysis of 17 secondary classes is presented in the research. Figure 6 and Table 4 .
Results and Discussion
LULC Classification
The main LULC classes of the study area in the year 2015 were found to be grassland (dense grass, moderate gras,s and sparse grass), woodland (forest, shrub, and other forests), and cropland (dry farmland, irrigated farmland, and paddy) with the coverage of 39.3%, 20.5%, and 19.7% of the study area, respectively. Table 5 .
Spatiotemporal
As shown in Table 5 , significant changes in the LULC secondary classes over the past 16 years (2000-2015) have been detected in the study area. Over this period (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) , dry land, irrigation land, paddy, urban built-up, and rural settlement were expanded with an annual rate of 1.11%, 4.07%, 1.57%, and 2.00%, respectively, in which irrigation and desertification due to climate change and irrational human activities [41] .
In the arid and semiarid regions, temperature and precipitation are important climatic factors. The analysis of the mean annual temperature and mean annual precipitation in the study area ( Figure 11) shows that, between 1998 and 2007, the temperature slightly increased whereas the precipitation decreased significantly, which lead to the dry and hot climate in study area. 
Validation Results.
The LULC classification was carried out for each year by accounting for the contribution of each of the additional feature (spectral indices, spectral transformations, textural and topographic features) to the basic Landsat based spectral feature (Landsat 6 bands). The one by one performance of these additional features is shown in Table 6 . Based on this analysis, only highly performed features were chosen for the production of the LULC maps. The exclusion of the less contributed features could reduce the data volume for further processing. The performance of the resulting LULC maps assessed through the confusion matrix based analysis using the validation data is shown in Table 7 .
The overall accuracy (kappa coefficient) obtained for 17 secondary classes in the study area were 0.86 (0. The irrigation land is confused with swampland and paddy, with the producer's accuracy being less than 0.7 in Landsat OLI image of 2015. Other classes are considered to be well classified even in Landsat TM and Landsat OLI imagery.
Conclusion
Previous studies in the Horqin Sandy Land utilized only the spectral feature from the satellite data for the change analysis of major LULC classes. The analysis of the contribution of each features in the research showed that only the spectral features from the Landsat data are not enough for improving the classification accuracy as the misclassification between the secondary classes such as irrigated land and swampland, swampland and paddy, bare area and tidal, cropland and bare area, bare area and urban, grassland and forest were significant. The additional features (spectral indices, spectral transformations, and textural and topographic features) could improve the classification accuracy significantly.
The secondary class level LULC change analysis performed in the research provides very detailed change information of the LULC over the past 16 years The satellite remote sensing based detailed LULC change analysis as performed in the study is important for assessing the performance of the ecological protection and restoration programs. The spatiotemporal change analyses of the detailed secondary classes in the research are expected to contribute to the policy makers for the protection and sustainable management of the environmentally sensitive ecological resources in the Horqin Sandy Land. This research has confirmed the expansion of irrigated farming lands and salinized areas over the past 16 years, whereas the waterbodies and sandy lands decreased. This trend implies the increasing demand of water resource. Therefore, a continuous and long-term monitoring of the LULC changes related to water resource and salinization problem is suggested to promote sustainable development and ecological security of the northeast China. Based on these research results, rational use of limited water resource and planting water saving vegetation community such as shrub is recommended to the local people. On the other hand, to protect minority land cove types such as swampland, it is challenging to reduce landscape fragmentation and preserve the biodiversity.
